A selective extraction procedure was developed for sequentially extracting a fraction containing the primary dehydrogenase and a fraction containing the cytochromes of the nicotinamide adenine dinucleotide (reduced form) (NADH) oxidase of Bacillus megaterium KM membranes. The primary dehydrogenase (NADH-2,6-dichlorophenolindophenol oxidoreductase) activity was extracted from sonically treated membranes with 0.4% sodium deoxycholate for 30 min at 4 C. The insoluble residue was extracted with 0.4% sodium deoxycholate in 1 M KCl for 30 min at 25 C. A combination of the two extracts and dilution in Mg2+ gave good recovery of the original membrane NADH oxidase activity. The primary dehydrogenase fraction contained 41% of the membrane protein, no cytochromes, flavine adenine dinucleotide as the sole acid-extractable flavine, and most of the membrane ribonucleic acid (RNA). The cytochrome-containing fraction had 16% of the membrane protein, 61% of the membrane cytochrome with the same relative amounts of cytochromes a and b as the original membrane, no acid-extractable flavine, little RNA, and no oxidoreductase activity. The oxidoreductase fraction remained soluble after removal of deoxycholate whereas the cytochrome fraction became insoluble after removal of deoxycholate-KCl, but the precipitated fraction could be redissolved in 0.4% sodium deoxycholate. Treatment of both fractions with ribonuclease to destroy all of the RNA present did not affect the ability of the fractions to recombine into a functional oxidase unit. Treatment of either fraction with phospholipase A prevented restoration of a functional oxidase when the oxidoreductase and cytochrome fractions were treated in solution, but no affect on restoration of oxidase was observed when the phospholipase A treatment was carried out with the soluble oxidoreductase fraction and the insoluble cytochrome fraction.
The reduced nicotinamide adenine dinucleotide (NADH) oxidase of Bacillus megaterium KM membranes is a terminal electron transport system (1, 2) . The oxidase can be solubilized in an inactive form by treatment of the membranes with 0.4% sodium deoxycholate (DOC) (2, 13) . Active oxidase can be reconstituted in an insoluble form by dilution of the inactive, DOC-soluble fraction in the presence of divalent cations (3, 13) .
Reconstitution of the oxidase involves the ' Presented in part at the 70th bringing together of separable molecular species in the DOC-soluble fraction rather than the aggregation of a single, multicomponent subunit (14). Sucrose density gradient centrifugation or gel filtration in deoxycholate-containing solutions separate a fraction containing NADH-2,6-dichlorophenolindophenol (NADH-DCIP) oxidoreductase activity from a larger molecular-weight fraction. Both fractions are required for reconstitution of oxidase in the presence of Mg2+ (14) . Detailed characterization of these fractions was not carried out, mainly because the NADH-DCIP oxidoreductase could not be concentrated, after gel filtration, in a form which was active for reconstitution of the oxidase.
Studies of the effect of temperature on the 59 extraction of the oxidase from the membranes indicated that a selective extraction of oxidase components could be effected by manipulating the temperature and time of DOC extraction (13) . In particular, it was found that extraction of membranes with 0.4% DOC at 4 C led to the solubilization of all of the membrane NADH-DCIP oxidoreductase in 30 min, whereas significant oxidase activity was not solubilized unless extraction was carried out for 60 min. This observation has been used as the basis for the development of a selective extraction procedure, described in this report, which permits the separation of a cytochrome-free, NADH-DCIP oxidoreductase-containing fraction and a cytochrome-containing fraction. Both fractions are required for reconstitution of the NADH oxidase. Partial characterization of the fractions and the effects of ribonuclease and phospholipase A on reconstitution are described in this report.
MATERIALS AND METHODS Growth of organism and preparation of protoplast ghost membranes. B. megaterium KM was obtained from J. T. Wachsman, University of Illinois. Growth of the organism and membrane preparation was as previously described (13) . Membranes suspensions in 0.01 M tris(hydroxymethyl)aminomethane (Tris), 0.01 M KCl, 0.01 M MgCl2, and 10% (v/v) glycerol, pH 7.2, (TKMG) were stored at either 4 or -15 C.
Sonic treatment of membranes. Sonic treatment was carried out for the minimum time necessary for obtaining maximal NADH oxidase activity (no more than 20 sec). This treatment was necessary to eliminate the masking of NADH oxidase and NADH-DCIP oxidoreductase observed with intact ghost membranes (5) . After sonic treatment, the suspension was centrifuged at 27,000 x g for 30 min. The pellet of membrane particles was resuspended in 0.01 M Tris, pH 7.4, and centrifuged as above before being suspended in DOC-containing solutions.
Enzyme assays. Assays for NADH oxidase and NADH-DCIP oxidoreductase were as previously described (13 
RESULTS
Differential solubilization of NADH oxidase components by DOC and DOC plus potassium chloride. Previous studies showed that 0.4% DOC extracted all of the membrane NADH-DCIP oxidoreductase after 30 min at 4 C, but the complete NADH oxidase system was not extracted unless the incubation time was extended to 60 to 120 min (13) . We expected, therefore, that a sequential extraction with 0.4% DOC at 4 C, i.e., extraction for 30 min followed by centrifugation and reextraction of the precipitate for 60 aProlonged sodium deoxycholate (DOC) extract was the supernatant fluid obtained after extraction of washed, sonically treated membranes with 0.4% DOC in 0.01 M Tris, pH 7.4, for 90 min at 4 C and centrifugation at 27,000 x g for 1 hr. Supernatant solution A was obtained after extraction of the washed, sonically treated membranes with 0.01 M Tris, pH 7.4, plus 0.4% DOC for 30 min at 4 C and centrifugation at 27,000 x g for 1 hr. The precipitates obtained after the 30-min 0.4% DOC extraction were resuspended in 0.01 M Tris, pH 7.4, containing different reagents as indicated and incubated at 4 C for 60 min. At the end of the incubation period, the insoluble residues were removed by centrifugation at 27,000 x g for 1 hr.
b Portions (0.1 ml) of single or mixed preparations (equal volumes of each) were diluted with 1 ml of 0.01 M Tris, pH 7.4, containing 10% glycerol and 0.03 M Mg2+. NADH oxidase activity was assayed after incubation at 37 C for 3 min. All values are calculated on the basis of 1 ml of the sonically treated ghost membrane.
c Bovine serum albumin. second extract with the first DOC extract, in the presence of Mg2+, gave as much recovery of oxidase as was obtained in a nonsequential 90-min extraction with 0.4% DOC. The analagous experiment with the urea second extract gave a 50% recovery of oxidase. A separate experiment showed that superior recovery of oxidase activity was obtained when the second extraction was carried out with DOC-KCl at 25 C. The enhanced extraction at 25 C was not observed when 6 M urea was used for the second extraction. Henceforth, the material extracted first with 0.4% DOC at 4 C for 30 min will be called supernatant solution A, and supernatant solution B will be used to designate the material extracted from the insoluble precipitate remaining after removal of supernatant solution A by centrifugation.
Effect of KCI concentration on the extraction of supernatant solution B. Figure 1 shows that essentially no restoration of NADH oxidase activity could be demonstrated when supernatant solution B was obtained by ex- Effect of incubation time on the extraction of supernatant solution B. Figure 2 shows that maximal NADH oxidase activity was obtained when the second extraction was carried out with 0.01 M Tris, pH 7.4, containing 0.4% DOC and 1 M KCl at 25 C with incubation times of 30 to 60 min. A slight decrease in activity was observed when the second extraction time was prolonged to 90 min. This decrease may be due to denaturation occurring during the longer incubation period.
Fractionation of NADH oxidase components by sequential extraction. A convenient method for the fractionation of NADH oxidase components was developed, therefore, which involved the extraction of membranes with 0.4% DOC at 4 cytochrome-containing portion (in supernatant solution B) of the NADH oxidase system. Reduced minus oxidized difference spectra of the sonically treated membrane, supernatant solution B (DOC-KCl-soluble) and the pellet (DOC-KCl pellet) obtained after sequential extraction by DOC and DOC-KCl are shown in Fig. 4 . The difference spectrum of the sonically treated membrane is identical to that reported by Broberg and Smith (1) Fig. 3 and Table 2 . All values are the amounts recovered from 1 ml of sonically treated membranes.
I RNA was estimated by ultraviolet absorption by the method of Warburg and Christian (12 (Table 4) . Activity of the redissolved precipitate remained stable for several days at 4 C. However, the activity of supernatant solution B in 0.4% DOC-1 M KC1 was unstable; approximately 50% of the oxidase activity of undialyzed supernatant solution B was lost after 9 hr at 4 C.
Effect of ribonuclease A or phospholipase A on the restoration of NADH oxidase activity. aProcedures employed for the preparation of supernatant solutions A and B were the same as those described in Fig. 3 and Table 2 . Supernatant solutions A and B were dialyzed overnight, immediately after preparation, against 100 volumes of 0.01 M Tris-10% glycerol, pH 7.4, at 4 C. A portion (2 ml) of dialyzed supernatant solution B was centrifuged at 100,000 x g for 2 hr, and the precipitate was redissolved in 2 ml of 0.01 M Tris-10% glycerol containing 0.4% DOC (pH 7.4).
t Samples (0.1 ml) of each preparation were mixed and 0.1 ml portions of the mixture were removed and diluted with 1.0 ml of 0.01 M Tris-10% glycerol-0.03 M Mg2+, pH 7.4. NADH oxidase was assayed after incubating at 37 C for 2 min. Activity was calculated on the basis of the amount recovered from 1 ml of sonically treated membranes.
CA, supernatant solution A; B, supernatant solution B.
0.01 M Tris-10% glycerol, pH 7.4. The concentration of ribonuclease A used in the experiment was sufficient for complete degradation of RNA in either supernatant solution A or B. Preliminary experiments established the amounts of ribonuclease A and time of incubation for complete degradation of RNA. The extent of RNA degradation in supernatant solution A or B due to ribonuclease A treatment was estimated by measuring the absorbancy at 260 nm of cold 3.5% perchloric acid extracts. Estimation of the total RNA in supernatant A or B was based on the optical density value at 260 nm, corrected for the amount of protein present by the method of Warburg and Christian (12) .
In contrast to ribonuclease A treatment, incubation of a mixture of supernatant solutions A and B with phospholipase A at 25 C for 30 min markedly inhibited restoration of oxidase activity (Table 6 ). The concentration of phospholipase A used in this experiment was adjusted so that restoration of NADH oxidase activity of a mixture of supernatant solutions A and B was not significantly inhibited after incubation for 2 min but was completely inhibited after incubation for 30 min. As indicated in Table 6 , both supernatant solutions A and B are susceptible to phospholipase A treatment, but supematant solution A activity is decreased more than supernatant solution B activity during incubation with phospholipase A for 30 min at 25 C. In contrast to the data obtained by using the dialyzed and precipitated supernatant solution B after subsequent dissolution in DOC (Table 6 ), when the insoluble precipitate obtained after dialysis of supernatant solution B was used in the phospholipase A experiment, only a slight inhibition of restoration of oxidase activity by phospholipase A was observed ( Table 7 ). The components of supematant solution B that are active in the oxidase system are insoluble after dialysis (Table 4) .
DISCUSSION
The sequential extraction procedure permits the separation of two distinct components of the NADH oxidase system. One component (supernatant solution A of Fig. 3 ) contains the primary dehydrogenase of the electron transport system and is devoid of cytochromes. The other component (supernatant solution B of Fig. 3 ) is almost completely free of NADH-DCIP oxidoreductase activity, but it contains aConditions employed for the preparation of supernatant solutions A and B were the same as those described in Fig. 3 and Table 2 . The supernatant solution B used in this experiment was a precipitated fraction obtained by centrifuging the dialyzed supernatant B at 100,000 x g for 2 hr and redissolved in 0.01 M Tris, pH 7.4, containing 0.4% DOC and 10% glycerol, to the same volume of the initial supernatant solution B.
b Boldface indicates that the fraction was preincubated with ribonuclease A (250 jg/ml) at room temperature for 30 min before being combined with the other fraction.
c Portions (0.1 ml) of a mixture of supernatant solutions A and B were removed and diluted with 1.0 ml of 0.01 M Tris, pH 7.4, containing 10% glycerol and 0.03 M Mg2+. NADH oxidase was assayed after incubation at 37 C for 2 min. Activity was calculated on the basis of the amount recovered from 1 ml of sonically treated membranes. aConditions employed for the preparation of supernatant solutions A and B were the same as those described in Fig. 3 and Table 2 , and supernatant solution B was dialyzed, precipitated, and redissolved as described in Table 5 .
b Boldface indicates that the fraction or the mixture of fractions was preincubated with phospholipase A at 25 C for the indicated time. After addition of an equal volume of the untreated, missing portion of the NADH oxidase, 0.1-ml portions were diluted with 1.0 ml of 0.01 M Tris, pH 7.4, containing 10% glycerol and 0.03 M Mg2+. The phospholipase-treated mixtures were similarly mixed and diluted. NADH oxidase activity was assayed after incubation at 37 C for 2 min after dilution. The untreated mixture of equal volumes of supernatant solutions A and B were incubated at room temperature for 32 min before a portion was removed and diluted with 0.01 M Tris, pH 7.4, containing 10% glycerol and 0.03 M Mg2+ and assayed for oxidase activity as described above.
cAll values are calculated on the basis of the amount recovered from 1 ml of the sonically treated membranes.
dA, supernatant solution A; B, supernatant solution B.
almost 62% of the cytochromes present in the original membrane. The NADH-DCIP oxidoreductase in supernatant solution A has a specific activity that is approximately two times greater than that of the oxidoreductase in the unextracted membranes. The specific activity of the cytochromes in supernatant solution B (based on the absorbance of the major reduced Soret peak) is approximately four times that of the cytochromes in the unextracted membranes. All of the acid-extractable flavine is present in supernatant solution A. Because all of the acid-extractable flavine present is FAD, it seems likely that the primary dehydrogenase of the NADH oxidase system of B. megaterium KM is different from the primary dehydrogenase of the NADH oxidase system of beef heart mitochondria with respect to the flavine coenzyme. It was shown that the flavine associated with the mitochondrial primary dehydrogenase is FMN (10) . Supernatant solutions A and B are considerably different from the particulate complexes I, III, and IV obtained from beef heart mitochondria. Complexes I, III, and IV can be combined with reconstitution of the mitochondrial NADH oxidase system (5, 11) . Complex I is an NADH-coenzyme Q oxidoreductase which contains the NADH flavoprotein, a nonheme iron protein, and a structural protein (7, 8) . Complex III is a reduced coenzyme Qcytochrome c oxidoreductase which contains nonheme iron, cytochrome b and cytochrome cl (6) . Complex IV is a cytochrome a-and a3-containing cytochrome oxidase fraction (4). Reconstitution is effected by dilution of bile salt-containing mixtures of the components (5, 11 a Procedures employed for the preparation of supematant solutions A and B were the same as those described in Fig. 3 and Table 2 . Supernatant solution B was dialyzed overnight at 4 C and centrifuged at 100,000 x g for 2 hr. The precipitate was resuspended in 0.01 M Tris, pH 7.4. b Supernatant solution B from B. megaterium KM membranes is similar to a combination of complexes Ill and IV of the mitochondrial system. It contains all of the cytochromes of the NADH oxidase system as do complexes III and IV, and it remains insoluble in the absence of DOC. More detailed comparisons between the B. megaterium KM system and the mitochondrial system will probably not be very meaningful until the B. megaterium KM electron transport system components are purified and analyzed in greater detail.
It seems highly likely that supernatant solution B contains the components necessary for NADH oxidase activity that were found in the high-molecular-weight fractions obtained after sucrose density gradient centrifugation and gel filtration fractionation of DOC extracts that contain the complete, but inactive, NADH oxidase system (14). The smaller molecularweight fraction obtained in these separations, that was also required for oxidase activity, contained all of the oxidoreductase activity of the DOC extracts and probably corresponds to supernatant solution A.
Further purification and characterization of the components of supernatant solutions A and B should permit a more definitive characterization of the electron transport chain and the components which are essential for integration of the electron transport chain. Experiments with ribonuclease A indicate that all of the RNA in supematant solution A can be destroyed and removed from the preparation without affecting oxidoreductase activity or reconstitution of the oxidoreductase activity with supernatant solution B to give an active NADH oxidase system. RNA does not appear to be involved in the reconstitution of the oxidase from supernatant solutions A and B. The results obtained with phospholipase A treatment are difficult to interpret. The restoration of NADH oxidase activity is inhibited when either fraction is treated with phospholipase A, indicating a requirement for a phospholipid in each fraction for oxidase reconstitution. However, phospholipase A inactivation is almost entirely abolished when supernatant solution B is dialyzed and its oxidase activity becomes insoluble. It could be argued that the insoluble material is not attacked by phospholipase A, but this would not explain why soluble supernatant solution A treated with phospholipase A was inactive when assayed with soluble solution B but retained activity when assayed with the insoluble material obtained after dialysis of supernatant solution B. It would seem, at least with the supernatant A phospholipid, that it is required only for reconstitution when supernatant solutions A and B are soluble but not when supernatant solution B activity is converted to an insoluble form. It is possible that phospholipid is important as a determinant of a particular mixed micellar configuration of the two oxidase components, the configuration being essential for reconstitution from solution. When reconstitution is carried out with phospholipase A-treated supernatant A and the insoluble components of supernatant solution B, a critical mixed micellar configuration may not be necessary. In any case, the results obtained with the insoluble form of the B fraction make it difficult to present a straightforward explanation of the effect of phospholipase A on the reconstitution of the NADH oxidase.
